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Abstract. We present an analysis of magnetoconductivity measurements on NbN thin films and nanostructures as they 
are used for superconducting nanowire single-photon detectors. Especially the temperature-dependence of the fluctuation 
conductivity near the zero-field transition temperature was studied in detail. Together with complementary measurements of 
the optical constants of NbN films with varying thickness, strategies for improving the absorptivity in NbN thin films are 
developed. 
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INTRODUCTION 
Recent progress in the research on superconducting 
nanowire single-photon detectors (SNSPD) made from 
NbN ultrathin films make them very interesting detec-
tors in particular for communication applications, such 
as quantum key distribution. It has been reahzed that the 
kinetic inductance of the superconducting meander is the 
key parameter limiting their speed [1]. Due to the large 
effective penetration depth and high aspect ratio, the ki-
netic inductance can reach very large values for large 
area detectors. In order to achieve large area detectors, 
but at the same time retain the fast response characteris-
tic for these detectors, various segmented or parallel wire 
configurations have been proposed [2, 3]. These new ge-
ometries have the added advantage that they, in principle, 
allow the realization of photon-number resolving detec-
tors [4]. 
However, a finite value of the kinetic inductance is im-
portant for a stable operation of the detectors [5]. If the 
kinetic inductance is reduced too much in an attempt to 
increase the detector's speed, the phenomenon of latch-
ing into the normal conducting state prohibits the intrin-
sic recovery of superconductivity after the absorption of 
a photon. 
Insofar as the speed limit of SNSPDs is concerned a 
consistent picture has emerged. But some other issues 
remain to be addressed to realize the full potential of 
these detectors. One problem is the limited quantum 
efficiency and the need for a better understanding of 
the parameters influencing this quantity. Despite all the 
progress in fabrication technologies it is still puzzling 
that reported maximum quantum efficiencies scatter over 
at least one order of magnitude for otherwise comparable 
detectors [6, 7, 8, 9, 10]. 
This observation maybe a manifestation of the fact that 
the overall quantum efficiency is determined by many 
different factors: optical properties, the coupling of the 
incoming electromagnetic wave to the nanostructure and 
the intrinsic detection mechanism. The coupling of the 
radiation to the nanostructure depends on details of the 
layout and geometry with respect to the wavelength to be 
detected and can be significantly improved by integrating 
the SNSPD into an optical cavity [11], for example. In 
this paper we will focus on the electronic and supercon-
ducting properties of NbN thin films and nanostructures. 
A careful analysis of magnetoconductivity data allows 
us a comprehensive understanding of the superconduct-
ing state and the determination of relevant microscopic 
material parameters. Relating these results to the optical 
properties of NbN thin films we obtain a better under-
standing of the factors influencing the absorptivity and 
quantum efficiency of SNSPD devices. 
EXPERIMENTAL DETAILS 
The superconducting NbN thin films were prepared 
by DC magnetron sputtering in an ArH-N2 atmosphere. 
Films were deposited onto polished sapphire substrates. 
Growth conditions, such as nitrogen partial pressure, 
substrate temperature and growth rate, were optimized 
to achieve maximum critical temperature Tc for the 
resulting films, see Ref. [12] for details. Using stan-
dard photo- and electron-beam hthography and ion 
milling newly deposited films were then structured into 
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FIGURE 1. Optical microscope pictures of a NbN bridge 
(left) and meander (right). 
TABLE 1. Geometric parameters 
(thickness d, width w and length L) of 
the samples. B indicates a simple bridge, 
M stands for a detector meander. 
B3 
B6 
B12 
M50 
d (nm) 
3.2 
6.0 
12 
6.0 
w (jUm) 
10.1 
10.4 
10.5 
0.053 
L( jUm) 
50 
50 
50 
74 
micrometer-sized bridges for four-point conductivity and 
hall-effect measurements. Sub-micrometer-sized mean-
der structures were fabricated by a slightly different 
lithography process using plasma-etching in a SF6/Ar at-
mosphere [13]. In Fig. 1 we show optical microscope 
pictures of a bridge and a meander. The sub-micrometer 
linewidths of the meanders were determined from scan-
ning electron microscope images. 
Magnetoconductivity measurements were done in a 
commercial cryostat (Physical Properties Measurement 
System, Quantum Design) equipped with a 9 T super-
conducting solenoid. The resistance measurements were 
done with excitation currents at least two orders of mag-
nitude lower than typical critical currents in the super-
conducting state. 
ANALYSIS OF CONDUCTIVITY 
MEASUREMENTS 
In Fig. 2 magnetoconductivity data near Tc{H) are shown 
for sample B12 for magnetic inductions up to 4 T. Using 
the midpoint of the transition at R{T) = Rn/2 as the crit-
ical temperature at the applied magnetic field, we obtain 
the upper critical field line in the H-T plane (red line in 
the inset of Fig. 2). It is to a good approximation lin-
FIGURE 2. Resistance vs. temperature for sample B12 in 
fields of 0, 0.5, 1, 2 and 4 T (right to left). Dashed lines are 
guidehnes only, the thick sohd fine is a least-square fit of Eq. 2 
with m = 2 to the zero-field data. The inset shows Hc2{T) and 
a linear fit to the data points (red line). 
TABLE 2. Parameters of the superconducting and the 
normal-conducting states as derived from our magneto-
conductivity measurements (see text). 
Tc(K) (^o(nm) p„ (M^m) D (cm^/s) 
B3 
B6 
B12 
M50 
10.7 
14.1 
15.2 
12.4 
3.7 
3.6 
3.6 
3.4 
3.0 
1.5 
1.2 
2.4 
0.52 
0.62 
0.64 
0.49 
ear in T as predicted in Ginzburg-Landau (GL) theory 
[14]. From a linear least-squares fit we obtain the extrap-
olated //c2(0), from which we can determine the well-
known GL-coherence length §Q = <l>o/(2;r/io//c2(0)), 
with <l>o = h/2e the magnetic flux quantum, e the ele-
mentary charge and /io the permittivity of free space. It 
is less known that it is possible to extract the diffusion 
constant of the normal electrons from the slope of the 
upper critical field at Tc = '^^ (O) [15] 
D-
4kB 
n e ^ ^ 
(1) 
T=Tc 
with kB being the Boltzmann-constant. Numerical values 
are given in table 2. 
Except for sample B12 one expects the structures to 
be predominantly two-dimensional in character, because 
§ ( r ) > J for at least a significant range of temperatures 
around Tc. In order to verify this assumption we tried 
to describe the resistance data above Tc by making use 
of the fluctuation conductivity theory of Aslamazov and 
Larkin [16]. Expressed in terms of the measured resis-
tance R and arbitrary dimensionality m = 1,2,3 it renders 
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to 
RiT) Rfl 
l^RnA, tt-O 2-0.5m ' 
{T>Tc), (2) 
with Rn the normal state resistance and A^ a constant 
factor depending on the dimensionality [17]. We tried 
to fit the 7?(r)-data in a small temperature range T^^^ < 
T < 1.17;^'^ with T;^'^ the estimated Tc from the Rn/2-
criterion, to Eq. (2) using all three values for m. Indeed, 
for samples B3 and B6 only the 2D-variant of Eq. 2 re-
sults in a good fit to the experimental data. The quality of 
these best fits is probably best demonstrated by extrapo-
lating them to r = 25 K, far beyond the fitting range. 
In this way extrapolated expectation values deviate by 
less than 1 % from experimental data. This seems to be a 
systematic deviation that is possibly caused by our sim-
plification of a temperature independent normal state re-
sistance. The Tc and pn values in Tab. 2 were determined 
from these fits. Film thicknesses d inferred from the pre-
factor A2 = e^/{16fid) are only a factor 2 smaller than 
the thicknesses given in Tab. 1 determined from the sput-
ter rate and the sputter time or atomic force microscopy 
measurements of d. 
The situation is somewhat more complicated for the 
other two samples. Using the same 10% temperature 
range above Tc the resistance of B12 can be well fitted 
with the 2D-equation of the fluctuation conductivity (red 
curve in Fig. 3). From the fit parameters we obtained 
Tc, pn (Tab. 2) and an apparent thickness of J ?^  8 nm. 
Also shown is a fit with m = 3, which clearly does not 
describe the experimental data near T^ and a similarly 
clear deviation from the data is observed for a fit with 
m = 1 (not shown in the graph). 
However, an extrapolation to higher temperatures fails 
even if one extends the fitted temperature range to 25 K 
(inset of Fig. 3). Depending on the used temperature 
range, the 2D-fit deviates systematically from the data 
starting at temperatures between about 17 and 18 K. But 
the 3D-equation of the fluctuation conductivity describes 
the data very well in this temperature range (blue curve). 
Using the appropriate pre-factor A3 = 5e^/{32h^o), in-
cluding the Maki-Thompson correction [18, 19], the 
coherence length computes to 3.9 nm, in very good 
agreement with our other measurements. Using the GL-
coherence length §0 obtained from the magnetocon-
ductivity measurements, the corresponding length-scale 
above Tc drops from about 10 to 8 nm between 17 and 
18 K indicating a 2D-3D cross-over in this temperature 
range. 
At the other end of the scale is the meander structure 
with a cross-sectional area of about 5" = 318 nm^. Ne-
glecting the high aspect-ratio of the conduction path, the 
condition for one-dimensional behavior, ^{T)^ > S, is 
fulfilled in a narrow temperature interval of about 5% 
FIGURE 3. Resistance vs. temperature for sample B12 in 
zero-field, with least-square fits of Eq. 2 with m = 2 (red fine) 
and m = 3 (blue line) in a 10% interval above Tc. The inset 
shows the fits at higher temperatures, where the 3D-equation 
appears to better describe the data. Around 18 K the 2D-fit 
deviates from the temperature-dependence of the experimental 
data. 
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FIGURE 4. Resistance vs. temperature in zero-field for sam-
ple M50 and three least-square fits with m = 1, 2 and 3. Qual-
itatively and quantitatively, the ID-equation fits the data best. 
The verfical dashed line indicates the expected cross-over from 
1 to 2D, solely based on the cross-sectional area and the GL 
temperature-dependence of t,. 
around Tc. Based on this argument we expect a 1D-2D 
cross-over around 13 K. Whereas only the fit with m = 2 
gives satisfactory results at higher temperatures, again 
with a seamless extrapolation to higher temperatures, the 
fit with m = 1 describes the experimental data better very 
close to Tc, see also Fig. 4. In particular the curvature of 
ID-equation matches the experimental data well around 
13 K, whereas the 2D-fit shows small but systematic de-
viations. Nevertheless, in the case of this narrow mean-
der line we cannot exclude the possibility of a broadened 
transition due to larger relative line-width variations. 
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CONCLUSIONS 
From the analysis of the fluctuation conductivity above 
Tc one can obtain a clear picture about the effective di-
mensionality of NbN thin-film structures. Taking into ac-
count the temperature dependence of the smallest rel-
evant length scale in this problem, the GL-coherence 
length ^ ( r ) , these structures undergo dimensional cross-
overs as expected according to their geometry. With re-
spect to NbN SNSPD we can draw the conclusion that 
for most meander structures examined so far the as-
sumption of two-dimensionahty was justified. Even con-
duction paths as narrow as 50 nm show signs of one-
dimensional behavior in a very small temperature inter-
val around Tc only. For typical operation temperatures 
T < Tc/2, the condition ^ (T) -C w brings them well into 
a two-dimensional regime. 
In order to increase the overall detection efficiency one 
possible approach would be to increase the film thick-
ness. In a complementary study [20] we have determined 
the optical properties of NbN thin films with different 
thicknesses using ellipsometry. From those results we ex-
pect a maximum in the absorptivity in the near-infrared 
for NbN thin films with a thickness of around 8 nm. 
Although our analysis suggests that even 8 nm thick 
films can be well described with two-dimensional mod-
els, detection models predict a linear increase of the re-
quired cut-off photon energy with increasing film thick-
ness [21], which counteracts the increase in absorptivity. 
Due to the near exponential decrease in the quantum ef-
ficiency for photon energies smaller than the cut-off en-
ergy the overall quantum efficiency in the near-infrared is 
usually even reduced with an increase in film thickness. 
Based on the experimentally determined optical con-
stants of NbN thin films, one expects monotonically in-
creasing absorptivity with increasing film thickness for 
the visible range and higher photon energies. For apph-
cations in this spectral range one might be able to in-
crease the quantum efficiency using thicker films, as long 
as the cut-off energy remains smaller than the photon en-
ergy and the two-dimensional detection model remains 
valid. The latter condition should be fulfilled at least up 
to about 10 nm film thickness. 
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